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RESEARCH MEMORANDUM

COMBUSTION OF GASEOUS HYDROGEN IN A SMALL RECTANGULAR RAMJET COMBUSTOR*

By John W. Sheldon

SUMMARY

Seven fuel-injector -flameholder configurations were investigated
in o rectanguler ramjet cambustor having a cross section of 1 by 6 inches.
Combustion efficiencies were determined for a range of fuel-alir equiva-
lence ratios at the following combustor-inlet conditions: total presswre,
15 inches of mercury absolute; Mach number, 0.24; total temperature,
80° F. Coambustor-inlet pressures resulting in blowout of the flsme were
also determined for a range of fuel-air equivalence ratios.

For the combustor configurations and test conditlons investigated,
the meximum combustion efficiency obtained was 90 percent. The small
canbustor slize appeared to have an adverse effect on performance, probably
because of flame-quenching on some of the combustor surfaces. Large-
scale hydrogen combustors that have demonstrated satisfactory performsnce
at similar operating conditions did not produce accepteble performance
when scaled down to the dimensions of this combustor.

INTRODUCTTION

The possibility of improving the range of jet-propelled aircraft by
using high-energy fuels 1is being investigated at the NACA Lewis laboratory
(ref. 1). To exploit fully the potentisal of special fuels, such as hydro-
gen, short combustors should be developed to take advantaege of their high
reactivity and thus reduce engine size and weight. Engine weight 1is
especlally important at the high altitudes presently being conslidered for
missile flight paths. For instsnce, using the Breguet range equetion, at
110,000 feet and a £light Mach number of 4.0, only & 4-percent reduction
in engine weight will extend the range about 1 percent, whereas, at
70,000 feet, a 1l6-percent weight reduction is required to produce thdUG 25 1958

same gain in range. JN. 5¢-990

It has been demonstrated that ramjet combustors may be shortened by
the use of hydrogen fuel (refs. 2 and 3). The various combustion proper-
ties of hydrogen presented In reference 4 indicate that scme types of
smell combustor units give high performance with hydrogen fuel.

et b les
*Title, Confidential. NACA L}%Eﬁﬁ
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The investigatlon reported herein determines the design principles -
for a small, rectangular cambustor having & l- by 6-inch cross section '

and a 6%—inch burning length. One use for such a combustor would be in

a cascaded (multiple parallel units) ramjet engine as in reference 5.
Combustion efficiency was determined for seven fuel-injector -flameholder
ccambinations at the following approximate combustor-inlet conditions:
total pressure, 15 inches of mercury absolute; Mach number, 0.24; and
total temperature, 80° F. These combustor-inlet conditions simulate
combustor operation for the cascaded ramjet engine of reference 5 in cone
of the NACA small supersonic wind tunnels at a Mach number of 3.0. If

a ramjet engine were operated at a flight Mach number of 3.0 above the
tropopause, the burner-inlet pressure and Mach nurber would be the ssame,
but the totel tempersature would be sbout 630° F. The effects of combustor
pressure and Mach number on fleme blowout were gslso determined for each
fuel-injection system.

208y

APPARATUS *
Connected-Pipe Combustor Fecility i

The rectangular ramjet combustor was tested in the connected-pipe
facllity shown in figure 1. Combustion air and altitude exhaust were
supplied by the laboratory air supply system. The combustion air was
throttled and then metered by en ASME standard orifice. A. bundle of flow
straightening tubes was installed upstream of the orifice to reduce the
required length of the orifice run.

A lB%—foot length of l2-inch pipe downstream of the cambustor served
as & calorimeter for the determination of combustion efficiency. The
temperature of the exhaust gaeses in the calorimeter was kept between
400° and 500° F by spraying water into the exhaust gases when necessary.
Two thermocouple rakes measured the equilibrium temperatures at the exii
of_the calorimeter. The pressure level in the calorimeter, as well as
the combustor, was controlied by a throttle valve in the altitude
exhasust system.

Rectangular Combustor

The rectangular combustor and transition section are illustrated in
figure 2. The fuel-injector-flameholder weas located l% Inches downstream
of the convergent transition section. The combustor length was 6% inches,
measured from the fuel injector to the primary water spray, which was -
located at the combustor exit to guench the combustion reaction. The com-
bustor length was assumed to end at the primary guench water spray even
for the data points which used no quench water; this assumption is subject
to question, as discussed in appendix B. The cambustor was cooled exter-
nally by air Jets directed on its top and bottom surfaces.
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The velocities measured st the cambustor inlet are shown in figure
3. The cambustor-inlet conditlions were approximately the same as those
at which the combustion efficiency data were obtained. The veloclity pro-
file was comparatively flet, varying less than 15 percent from the aver-
age velue of 268 feet per second.

Fuel-Injector-Flameholder Configurstions

The seven fuel-injector-flameholder configurations tested are
shown in figure 4. The pertinent features of each configuration are
summarized in table T.

Fuel System

The gaseous-hydrogen fuel was supplied from cylinders at an initial
pressure of 2400 pounds per square inch gage and was passed through a
pressure-reducing valve and a sonie-flow metering orifice to the fuel
injector. Varistion of the fuel weight flow was obtained by varying the
pressure upstream of the sonle-flow orifice.

Instrumentation

The airflow was measured by the orifice run shown In figure 1. The
differential pressure was indicated on a U-tube manometer, and the line
pressure was indicated on an ebsolute manometer.

The fuel flow was measured by & calibrated sonic-flow orifice. The
pressure upstream of this orifice was indicated on a Bourdon tube gage.
Temperatures in the fuel and combustion-air lines were measured by lron-
constantan thermocouples. The gas temperature at the calorimeter exit
was measured by 19 Chromel-Alumel thermocouples in two rakes. The calo-
rimeter wall temperature was measured by four iron-constentan thermo-
couples at circumferential stations 90° spart at the axial station of
the thermocouple rekes. All temperatures were indlcated on nonrecording
self-balancing potenticmeters.

PROCEDURE
Combustor Operating Conditlons

The various configurations were compared on the basis of combustion
efficiency at the following operating conditions:
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Inlet air pressure, dn. Hg 8b5 « « o « ¢ o o ¢ o o o o ¢ o o o 14.Txl.7
Inlet air total temperature, °F . .« « ¢ « ¢ + « ¢ « ¢« « o « » » 84114 -
Inlet air Mach number . ¢ ¢« ¢ o s o o o o ¢ ¢ o ¢ o o » s o« » 0.24+0.04
Equivalence ratlo « o o ¢ « o s ¢ ¢ o s ¢ o o s ¢« ¢« o« ¢« o« 0,08 to 0.53

These values correspond spproximately to the cambustor-inlet conditions
in a ramjet tested in one of the NACA small supersonic wind tunnels
operating at Mach 3.0 and an ambient pressure equivalent to an 80,000-
foot altitude.

2087

Cambustor-Inlet Veloelty Profile

The veloclty survey was made at the cambustor-iniet eross section.
The fuel-injector-flameholder configuration was replaced by a six~tube
total-pressure reke st each of three stetions across the l-inch dimension
of the duct. The total pressures, indicated by manometers, were recorded
at the combustor-inlet conditlons at which the combustion efficiency
data were obtalned. Wall statlic pressure was measured in the plsne of -
the total-pressure survey. From this statlic pressure and the total pres-
sure measured at a given polint, the locel Mach number was determined.
The local velocity was then readily obtained from this Mach number and "
the Inlet total tempersature.

Combustion Efficiency

Combustion efficiency was determined over & range of equivelence
ratio for each configuration. Equivalence ratio 1s the metered fuel-air
ratio divided by the stolchiometric'fuel-air ratio of 0.0294 for hydro-

. gen. After combustion was esteblished, a fuel-flow rate was selected,
and the combustor-inlet conditions were set. Quench water was asdded as
needed, filrst through the primery sprays and then through the secondary
sprays to keep the calorimeter rake temperature between 400° and 500° F.
The ratio of the measured enthalpy rise in the calorimeter to the theo-
retical heating value of the fuel is defined as combustion efficiency.
A1l symbols are defined in epperdix A, and & more detailed analysis of
the method of computing combustion efficiency is presented in appendix B.

Combustor Blowout Pressure

Combustor blowout pressure wase determined for a range of equivalence
retios, with the burner-inlet airflow and temperature held constent. An
airflow of 0.4 pound per second was chosen becsuse 1t corresponds to a -
ramjet operating supercritically st the wind tumnel conditions. Because
of safety restrictions, the meximum equivalence ratio at which blowout
data were obtalined was in general gbout 0.30.



4804

NACA RM E58D15a L] 5

After combustion was estdablished at the combustion efficiency test
condlitions, the burner pressure was lowered until blowout occcurred. Meach
number was calculated from the burner static pressure at blowout and the
airflow at the combustor inlet. The total pressure at blowout was then
obtained from Mach number and static pressure.

RESULTS
Combustion Efficiency

Initial tests were conducted using a simple spray bar (1/4 in.
diem.) as fuel injector and flameholder. This configuration would not
stabilize the combustlion et the test conditions. Modifications in orifice
size (0.026- to 0.067-in. diem.), spacing, and orientation were not suf-
ficient to provide the required stebility; consequently, more complex
systems were explored.

Configuration A. - A meximmm combustion efficiency of 80 percent
was obtalned with the scaled-down version of a swirl can used in refer-
ence 6. Figure 5 shows the cambustion efficiency increasing with equiva-
lence ratio until blowout occurred at an equivalence ratio of 0.30.

Configuration B. - By using & shrouded, flattened spray bar similar
to that of reference 7, scattered efficiency data were cbtained as shown
in figure 6. Although efficiency as high as 87 percent was cobtained with
this configuration, combustion was unstable. Rich blowout occurred st
an equivalence ratio of 0.29. The fuel jets on the fuel supply side of
the injJector were alternately blowing out and relighting. No evidence
of burning was visible inside the injector shroud.

Configuration C. - The combustion efficlency increased with increas-
ing equivalence ratio, reaching a maximum of 78 percent (fig. 7). During
operation at an equivalence ratio of 0.08 the gutters were heated to
incandescence. As fuel flow and, consequently, equivalence ratio in-
creased, the incandescence faded. Just prior to blowout (equivalence
ratio of 0.24), the combustor appeared dark.

Configuration D. - Figure 8 shows the combustion efficiency reaching
a peak velue of 77 percent at an equlvalence ratio of 0.29 and then de-
creasing to blowout at an equivalence ratlio of 0. 42.

Configuration E. - A decrease in fuel-injection wvelocity by doubling
the number of points of injection over those of configuration D raised
the pesk combustion efficiency to 89 percent (fig. 9) but had little
effect on rich-blowout equivalence ratio.
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Configuration F. - The combustion efflciency date shown in figure
10 for configuration F were above 85 percent for a range of egulvalence
ratios from 0.32 to 0.52 at inlet air conditions of pressure, 15 inches
of mercury absolute, Mach number, 0.24, and temperature, 80° F. The
maximum combustion efficlency, 90 percent, for all ednfigurations tested
was achieved by this configuration at an equivelence ratio of 0.52. No
blowout was encountered over the range of equivalence ratio covered.

Configuration G. - The admission of alr inside the V-gutters of
configuration F dropped the combustion efficlency curve about 5 percent
at lean equivalence ratios (fig. 11). No blowout was encountered at the
combustion efficiency test conditions.

SINDF

Combustor Blowout Pressure

The combustor-blowout-pressure data are presented in figure 12 for
the seven combustor configurations. The variation of combustor blowout
pressure with equivalence ratio 1s observed to follow three distinect -
patterns. Configurations A, B, and C follow curves of increasing slope
(fig. 12(a)). Configurations D and E follow curves with decreasing
slopes (fig. 12(b)). The blowout-pressure curves of configuration F and
G (fig. 12(b)) have a constant slope at a lower pressure level than the
other five configurations. Configurations F and G, which had the best
blowout characteristics, also exhibited the best combustion efficlencies.

AL

DISCUSSION

The relatively low combustion efficiencies and the high pressures at
which flame blowout occurred cen probably be attributed to the small
combustor size. Figure 13 (reproduced from ref. 4) shows minimum tube
slzes for propagation of hydrogen-air flames as a function of pressure
and fuel-alr mixture composition. If it 1s assumed that the tube diam-
eters in figure 13 are indicative of the quenching distances in the com-
bustors studied in this investigation, then 1t would be coneluded that
the cambustor walls caused very little quenching; but severe quenching
may have occurred near the points of flsme initiation around the tiny
fuel jets. However, if allowance is made for the increase in quenching
distance due to turbulence (ref. 4), it appears possible that the fleme-
holder surfaces and combustor wells may have aglsc exerted some detrimental
quenching effects.

It therefore appears likely that flame-quenching resulting from the
smell combustor size may account for the high blowout pressures and in -
pert for the low cambustion efficiencies. It would appear that the low
combustion efficiencies cduld elso be sttributed in part to inadequate
fuel-alr mixing in the short-length combustor. Mixing could be improved
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by using more sources of fuel injection, but this would result in smaller
injectors and even more flame-quenching. The combustor configurations
Investigated therefore represent compromise designs necesssry to provide
both adequate mixing and adequate flame stability.

Effect of Design Varigbles on Combustion Efficiency

Configurations A, B, and C burned at the specified inlet conditions
(where a simple spray tube would not burn) but with poor and scattered
combustion efficiency. These scattered data seemed to be caused by
marginal stebilization characteristics, which indicate that injector
configurations like A or B cannot be scaled down this far.

Configurstions D and E inject fuel in an entirely different manner,
that is, directly downstream at high veloeity. The fuel concentration
in or near the flameholder would be much less than with conflgurations
A, B, or C, which possibly accounts for the lncrease in stability. The
further increase in combustion efficiency and stability between configu-
rations E and D could have resulted from an increased fuel concentration
in the flame stebilizing region. Configuration E with less fuel-injection
velocity would have the greater fuel concentration and 4id have the
higher, less scattered, combustion efficiency.

Configurations F and G gave the best combustion efficiency of all
the configurastions tested. Presumebly, the V-gubters provided a piloting
zone neither too rich, @s in configurations A, B, or C, nor too lean, as
in configurations D or E. TIn addition, the shape of the combustion effi-
ciency curves (increasing combustion efficiency with increasing equiva-
lence ratio) indicates that good fuel-air mixing occurred with maximum
canbustion efflciency realized as a stolichiometric fuel-air ratio is
approached. The mixing may be too vigorous at lower equivelence ratios
and probably causes dilution-quenching, which would account for the com-
bustion efficiency falloff. Configurations F and G differed in that a
small amount of air was admitted through a hole in the V-gutter for con-
figuration G. The 4difference in combustion efficiency, if significant,
was that the combustion efficiency of configuration G was 5 percent lower
at low equlvalence ratios, possibly becsuse of greater dilution-quenching.

Effect of Design Variebles on Blowout Limits

Configurations A, B, and C inject fuel ageinst and inside a cold
flameholder wall. Figure 13 (reproduced from ref. 4) shows that gquench-
ing dismeter is a function of pressure and equivalence ratio. If blowout
were g result of wall-quenching or a local rich flemmebility limit, in-
creasing the equivelence ratio in a zone that was already over stolchio-
metric would increase the blowout pressure. A sharply increasing blowout
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pressure In the higher equivalence ratios was observed for configurations
A, B, end C (fig. 12(a)), which indicates that & combination of wall~-
quenching within the flameholder and of a local rich blowout limit prob-
aebly was controlling the blowout.

Configurstions D and E inject fuel downstream at a high velocity
thereby ceusing the region inside the gutter to have & lower locel eguiv-
alence ratio. Increasing equivalence ratioc has only & slightly incress-
ing effect on blowout pressure for these configurations (fig. 12(b)).

It can be assumed that because of the fuel-injection direction a rich
blowout limit was not reached locally and that blowout was more a result
of wall-quenching within the flameholder.

The blowout pressures for conflgurstions F and G were lower thean
those of D and E, but the curves were of similar slopes (fig. 12(b)).
The lower blowout pressure cen be attributed to the gresater width of the
V-gutter with its larger effective turbulent wake or to a better local
equivaelence ratio within the stebllizing region. The similarity of slopes
leads to the same conclusion that the local equlvelence ratioc in the V-
gubter did not exceed the rich blowout limit. It seems likely then that
e small amount of fuel diffused from the Jjet and burned while still within
the V-gutter. The greater portion of the fuel impinged on the combustor
wall and was deflected or fanned out sideways, & rhenomenon that should
produce good mixing end spreading of the fuel.

SUMMARY OF RESULTS

Seven fuel-injector-flameholder configurations were tested in a

1- by 6-inch rectengular combustor 65 inches long. The results are as
follows: : - - :

{av] (o

1. The best configuration (configuration F) produced combustion
efficlencles over 85 percent for equivalence ratlos from 0.32 to 0.52 at
the following inlet air conditions: a pressure of 15 inches of mercury
absolute, a Mach mumber of 0.24, and a temperature of 80° F.

2. This same configuration slso had the best flsme stebility, blowing
out at a pressure of 10% inches of mercury absclute and a Mach number of
0.57 for a range of equivalence ratios from 0.08 to 0.27.

3. Several hydrogen combustors that had previously provided high
performance at compersble conditions were reproduced on the small scsale
necessary to f£it into the 1l- by 6-1nch duct. One of these configurstions
gave no combustion; the others showed merginal stgbllity and low

-

pigleid
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canbustion efficiency. The poor performance was probebly due to &
guenching effect, elther inside the flameholder or in the stream ltself.

lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronasutics
Cleveland, Ohio, April 28, 1958
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APPENDIX A

SYMBOLS

Op

heat ceapacity, Btu/lb,
enthalpy rise of combustion air, Btu/sec
lower heat of combustion of hydrogen, Btu/lb
enthalpy rise of fuel, Btu/sec

enthelpy rise of quench air, Btu/sec

enthalpy of stesm at temperature Tq, referenced to liquid water
at 32° F, Btu/lb

enthalpy rise of quench water, Btu/sec

heat lost from burner wall to room air, Btu/sec

heat lost from calorimeter to room by convection, Btu/sec
heat transferred to water Jacket, Btu/sec

heat gained (+) or lost (-) by calorimeter piping, Btu/sec
air inlet temperature, °p

fuel inlet temperature, OF

temperature of water entering water jJjacket, Op
temperature of water leaving water jacket, Op
calorimeter pipe temperature, Op -

gas temperature at calorimeter exitLHQE_m___
water inlet temperature, Op

time, sec

conbustion sirflow rate, 1b/sec : o

fuel-flow rate, 1b/sec

206¥
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LE
an
Wy

B

water-flow rate to water jacket, 1b/sec
quench airflow rate, 1b/sec
quench water-flow rate, 1b/sec

combustion efficiency
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AFPENDIX B

HEAT-BATANCE COMBUSTION EFFICIENCY
Combustion Terminstion

The combustion length was assumed to end where the guench-water
spray was added. Reference 8 shows data where combustion efficlency
remained constant while the amount of quench water veried, which thus
indicates that the reaction was quenched independentiy of the water-flow
rate. However, no quench water could be added below an equivalence ratio
of sbout 0.28 becaus€ of low cambustlon efficiency end fuel flow. Since
quench water was not added, the actual burning length may have been
longer than the combustor length. In general, the data points with no
quench water are of less interest because they are alreedy polnts of low
cambustion efficiency. The fact that the combustion efficiency curves
blend smoothly (such as fig. 10) from data taken with no quench water to
data tasken with quench water indicated that the cambustlion was completed -
or terminated by the same point (primary quench-water station) for both
cases. The open symbols are dete where no quench water was added, and
the solid symbols are with quench water. -

208%

Calculation Method

The heat-balanceé method of measuring combustion efficiency consists
simply of edding the measured rise In enthalpy of the combustor-
calorimeter flow system to the heat lost to the surroundings from the
flow system and comparing this sum to the theoretical heat released by
complete combustion of the fuel.

The flow system consists of combustion ailr, gaseous-hydrogen fuel,
alr for aspilrating the secondary water spray bars, end water for the
primery end secondary water spray bars. The combustor and calorimeter
piping sre considered surroundings end not part of the flow system (see
fig. 14).

It is assumed that the reactants (fuel and combustion air) are
raised to the calorimeter-exit temperature, st which the reaction occurs.

The assumption eliminates the need to know the heat capacity of the
products. The enthalpy rise of the combustion air is

Afig = Wy 0.25 (Tg - Tg)

vhere Cp = 0.25 for air (ref. 9).
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The enthalpy rise of the fuel is given by
QAHp = We 3.5 (Tg - Tr)
vhere C, = 3.5 for hydrogen (ref. 9).

The enthalpy change of the air to the secondary spray bar is given
by

BBy = Wgg 0-25 (Tq - Tg)

The enthalpy rise of the quench water is

Ly = W[oH, - (T - 32)]

where AH, 1is the stesm enthalpy at temperasture Tg (ref. 10).

Heat flows to or from the surroundings by four processes. Heat is
removed from the system by cooling water in a water jacket at the combus-
tor exit. Heat is gained or lost in the calorimeter piping because the
pipe tempersture 1is not at equilibrium with the exhaust gases. Heat is
lost by convection from the calorimeter piping to the room eir. The com-
bustor walls also give up heat by both forced convection and radisastion.

The heat removed through the water Jacket may be expressed as
Q= W3(Ty0 - Ty1)
The change in heat content of the calorimeter piping is

Aﬂ:lP
QP = ]_ll _"t"

where ATlp/t is the chenge in calorimeter wall temperature with time
and 111 represents the number of Btu's required to raise the calorimeter
pipe temperature 1° F. If the wall temperature is increasing, the Qp
term '1s positive; however, if the wall temperature is decreasing, Qp 1is
negative.

The calculated heat loss by convection and radiation from the calo-
rimeter pipe Qg +to room air is shown in figure 15 as a function of the
pipe wall temperature Tp.

Celculations for the rectangular cambustor showed that with forced
convection about 3 percent of the cambustion heat release was lost through
the combustor walls. Thils 3-percent value is added on to the combustion
efficlency.
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The theoretical heat relesse was teken as the lower heat of combus-
tion AHR of gaseous-hydrogen fuel at the calorimeter-exit gas tempere-
ture Tq. The variation of the lower heat of combustion with temperature
1s shown in figure 16. The curve is a plot of Kirchhoff's integrated
equatlion using heat capacity date from reference 7 and an A&HR of
-51,571.4 at 77° F.

The combustion efficiency is expressed by

. =AHa+AHf+AHq_a+AHw+%1+QP+QC 100 +-3
B Wp AHp

The approximate percentage of the total measured heat release contributed
by each of the terms in the heat balance is

Term Percent of total heat release

for a typical data point
With quench |Without quench

water water
Ja\: 98 20.0 438.0
A 4.3 5.5
Mq.a 5. 5 1.2. 4
A‘EEW 54.8 0.0
Q 3 4.6 7.7
Qp 6.0 16.9
Qg 4.8 8.5
Total 100.0 100.0

2087
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Figure 2. - Detailed view of test section containing 1- by 6-inch rectangular ramjet
combustor. (All dimensions in inches.)
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Figure 4. - Continued. Deteils of fuel-injector-flameholder configurations tested in 1- by
6-inch rectangular ramjet cambustor. (All dimensions in inches.)
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6~inch rectangular ramjet cambustor. (A1l dimeneions in inches.)
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Figure 4. - Continued. Detﬁils of fuel-injector-flemeholder conflgurations tested in 1- by
6-inch rectangular ramjet combustor. (All dimensions in inches.)
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Figure 5. - Combustion efficiency of configuration A. Inlet
alr pressure, 13.6x0.6 inches of mercury; inlet Mach number,
0.26+0.02; inlet temperature, 81°41° F.
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0.23+0.01; inlet alr temperature, 80° F.
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Figure 8. - Combustlon efficiency of configuration D. Inlet
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0.2440.02; inlet tempersture, 78°+1C F.
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0.2410.02; inlet temperature, 78°:£1° F.
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hydrogen-air mixtures with various tube diameters. (Reproduced
from ref. 4.)
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